The aim of this work is the determination of the combustion characteristics of two different fuel gases for their blast furnace utilization. The availability of gas from the coke production as well as from the basic oxygen furnace (BOF) process in an integrated metallurgical plant makes it possible to substitute reducing agents like oil. For a description of the varieties of the gases, coke oven gas (COG) and a mixture of COG and BOF gas, four independent modeling approaches were applied to cover all aspects. The different applied modeling approaches are the thermodynamic equilibrium, the plug flow reactor (PFR) model with detailed chemistry with or without, resp., consideration of the mixing time and computational fluid dynamics (CFD). This guarantees an improved understanding of the whole combustion process.
Introduction
In an integrated metallurgical plant, there are gases available from coke production and the basic oxygen furnace (BOF) process. Because of this availability, a project of utilization of these gases is realized. 1) In the blast furnace process, they shall substitute alternative reducing agents like heavy oil, which are purchased from outside sources. The injection of reducing gases into the blast furnace results in a better flexibility in gas utilization.
The two gases considered are rich of species like CO, H 2 and CH 4 . They are mixed with the hot blast and then injected into the blast furnace by tuyeres. The combustion of these gases taking place to some extent within the tuyeres can lead to an overheating of these tuyeres and a burning of the gas lances, which is tried to advert. For this reason, a complete understanding of the combustion characteristics is very important.
To analyze these combustion characteristics it is expedient to use different approaches for the modeling. These modeling approaches can be distinguished by the limited step, which can be the mixing and/or the reaction kinetics. They were chosen in a way to take four options into consideration ( Table 1) . The four models chosen cover the different possibilities of combining limiting and instantaneous steps. This choosing of models is needed to describe the entire combustion process of the gases.
The simplest approach is the thermodynamic equilibri-um, which is assuming instantaneous mixing and reaction. For this reason, it is solely possible to draw conclusions for the temperature and the species concentration after the combustion process. Using the model of the plug flow reactor (PFR) with detailed chemistry the transport equations are simplified in a one-dimensional form, which allows the utilization of a complex, elementary reaction mechanism. This mechanism (GRI-Mech 3.0) by Smith et al. 2) contains over 300 reactions. Consequently, the ignition processes based on radical species' chemistry can be described and the ignition delay defined. The effect of finite mixing on the ignition process can be introduced by a permanent addition of the air into the burning mixture or vice versa. Thus, a simple mixing model is combined with a complex description of the reaction mechanisms. With the consideration of the mixing time, it is possible to study the influence of different mixing lengths on the resulting temperature and species concentrations at the end of the tuyere.
Computational Fluid Dynamics (CFD) allows a more detailed description of the predominant flow of gas injection. Because of the high resource demanding flow calculation, simplified models are used for the simulation of the reactions. The simplest assumption is the thermodynamic equilibrium again which is now based on the local composition.
Basic Facts

Plant Layout
The layout of the blast furnace with the gas injection plant is shown in Fig. 1 . In the mixing station, gas from the coke production (coke oven gas, COG) and gas from the basic oxygen furnace (BOF gas) are mixed if it is necessary. Then the process gas is conveyed via a screw compressor and a gas cooler to a bustle pipe, wherefrom it is directed to 17 tuyeres spread over the circumference of the blast furnace.
The injection of the reducing gas is done by using two lances per tuyere, which is represented by the cases in this study (Fig. 2) . The lances end 10 cm inside from the end of the tuyere.
Input Parameter
For calculation, two gases with different compositions are used. These are the coke oven gas (COG) and a mixture of COG and BOF gas (COG/BOF). The different compositions of the two gases and their net calorific values as well as the predominant excess air ratios of the combustion process are listed in Table 2 . The appointed boundary conditions valid for one tuyere can be seen in Table 3 .
Reaction Mechanisms
The reaction mechanisms of the combustion are radical chain reactions. These chain reactions consist of starting reactions that build radicals, chain propagation reactions, chain branching reactions that increase the amount of radicals and reactions for chain breaking that recombine the radicals. Therefore, the character of the combustion reactions is explainable: during the ignition delay time, there is hardly a turnover, after ignition a fast, almost complete turnover takes place.
For the combustion of COG and COG/BOF gas, a combination of the reaction mechanisms of H 2 , CH 4 , C 2 H 6 and CO is used. In Table 4 , the most important reactions of this resulting mechanism are listed.
Modeling
Thermodynamic Equilibrium
The first approach for modeling is the thermodynamic equilibrium. It is calculated using "Equil" as a part of the software package Chemkin 3.6. 3) For this, the 53 species from the GRI-Mech 3.0 reaction mechanism have to be considered. For the calculations, only the mole fractions of these species, the thermodynamic data (from the Chemkin Thermodynamic Database) and state parameters like temperature and pressure are used.
The basic theory of determining thermodynamic equilibrium with the element-potential method is based on the minimization of Gibbs free energy. The Gibbs function of a system is: where ḡ k is the partial molal Gibbs function and N k is the number of moles of each species k in the system. K is the total number of species. Assuming that there is an ideal-gas mixture, the partial molal Gibbs function is given by: where g k (T, p) is the Gibbs function for the pure species k, evaluated at the system temperature and pressure, R is the universal gas constant, and X k is the mole fraction of the kth species.
Due to the assumption of constant enthalpy and pressure, the adiabatic flame temperature (by Warnatz et al. 4) ) is based on:
where h k (b) and h k (u) are the specific enthalpies of the burned and unburned gases of each species, T b and T u the temperatures of the burned (adiabatic flame temperature) and unburned gases and c p,k the specific heat capacity of each species.
PFR with Detailed Chemistry
For calculations with the PFR approach, again the software package Chemkin 3.6 3) is used, with the program "Plug" as a part of this collection. For calculations, the mixing of the hot blast with the gas is considered and in this manner, the initial conditions like concentrations and temperature are set for the plug flow reactor. The characteristic of the plug flow reactor is given by the ideal mixing (no gradient of concentration and temperature) perpendicular to the flow direction and axial diffusion of any quantity is negligible relative to the corresponding convection. Therefore the equations governing the behavior of the plug flow reactor are simplified versions of the general relations for conservation of mass and energy. 5) In this way the mass balance has to be Here Y k is the mass fraction and M k the molecular mass of species k and ẇ k is its molar rate of production by homogeneous gas reactions.
Changing to the energy equation, it can be found:
........ (6) where h k is the specific enthalpy of species k, c p is the mean heat capacity of the gas and T is the gas temperature. On the right-hand side of this equation, a i is the internal surface area per unit length of the PFR and Q i is the heat flux to the gas from the inner tube wall. Finally, the reaction mechanism used for these calculations is the GRI-Mech 3.0 by Smith et al. 2) This reaction mechanism is a compilation of 325 elementary chemical reactions and associated rate coefficient expressions and thermochemical parameters for 53 species involved in them.
PFR with Finite Mixing and Detailed Chemistry
For the PFR model with finite mixing, a permanent addition of the blast into the fuel gas is done over a defined length (mixing length) in constant quantities (Fig. 3) . The addition of the air into the gas and not contrary is considered because the combustion happens rather on the side with fuel surplus. These calculations are done with the program "Plug" from the Chemkin 3.6 3) software package and supplementary an auxiliary program, written in the FOR-TRAN code.
CFD with Local Thermodynamic Equilibrium
The more resource needing CFD calculations have been carried out using the commercial CFD code FLUENT 6.0 6) on the central computer (sc.zserv.tuwien.ac.at) of the ZID (Zentraler Informatikdienst) of the Vienna University of Technology. For these calculations, the equilibrium chemistry model is chosen which belongs to the probability density function (PDF) models. They first calculate chemical processes with the help of a pre-processor (prePDF) before the flow is simulated. The chemical equilibrium model expects that fuel and oxidizer are only separated through a negligible thin flame front. For the calculation of chemical equilibrium the Gibbs free energy is used, therefore no defined reaction mechanism or detailed chemical kinetic rate data are required. It is enough to define the important chemical species. These are the eight main species the gas and hot blast are composed of according to Table 2 , the four radicals O, OH, H and HO 2 as well as C(s) as solid soot particle. This model assumes that the reaction is mixinglimited and has a rigorous accounting of turbulence-chemistry interactions. Beside the thermo-chemical calculations, for the turbulence of the flow the realizable k-e model is chosen.
For CFD calculations, it is necessary to build a model and divide it into finite volumes. In Fig. 4 , the model of the tuyere with two gas lances and the raceway is shown.
The raceway has been built as a cylinder with a diameter of about 0.5 m and a length of 1 m. As boundary condition of the raceway a porous layer was set up, which simulates the pressure drop of the coke bed. A further assumption was that the raceway is free of solid particles.
Results and Discussion
Thermodynamic Equilibrium
The usage of the most simplified model, the thermodynamic equilibrium approach leads to information about reached species concentrations and temperatures after infinite time that are listed in Table 5 .
The high concentration of H 2 O at the COG combustion results from the higher H 2 content in this gas, in the same way the amount of produced CO 2 at the COG/BOF com-bustion can be explained. Due to the excess of O 2 in the blast a considerable quantity of O 2 remains in the gases after the equilibrium is reached. The higher quantity of O 2 remaining in the burned COG/BOF gas is ascribed to the higher excess air ratio at this combustion condition (see Table 2 ).
PFR with Detailed Chemistry
The second approach assuming a plug flow reactor results in more extensive information about the combustion process. Because of the PFR model, the ignition process of both gases can be compared in terms of the reached temperatures and species concentration without the influence of different mixing times. The length of 10 cm or 100 % in the following figures represent the distance between the end of the lances where gas and blast get into contact and the end of the tuyere where the raceway starts. As inlet temperature at all PFR calculations, the mixing temperature (938°C) of the incoming fuel gas and hot blast is chosen.
At first, calculations for one case are done with three different thermal boundary conditions: isothermal, adiabatic and with a constant heat loss through the walls of the tuyere. The isothermal process management is only useful for determining limits. The heat loss of about 130 kW for one tuyere is based on the heat balance of cooling water for the blast furnace. Comparing the PFR with adiabatic process control with those assuming a constant heat loss no significant differences can be obtained at the resulting concentration and temperature curves ( Fig. 5) .
At the combustion of both gases, the reached temperature ( Table 6 ) is about 20°C higher at the case of adiabatic process control. This leads to the conclusion that the heat loss can be neglected at the following PFR and CFD simulations without making a substantial error. The about 160°C higher end temperature at the COG combustion at both cases is caused by the higher net calorific value of the COG ( Table 2) . The difference of about 2827 kJ/Nm 3 in net calorific value is primarily caused by the higher CH 4 and H 2 concentration of the COG. The required finite time for the combustion process to be completed is indicated by the flattening of the temperature curves.
The resulting concentrations of the PFR without consid- ering the mixing time calculations can be seen as a function of reactor length for COG in Fig. 6 and for COG/BOF in Fig. 7 . In Table 7 , the concentrations and temperatures at the end of the tuyere after a mixing length of 10 cm are listed.
Although the two evaluated gases show a very similar behavior and the O 2 concentration curve starts to fall at the same length, there are differences of the combustion characteristics. It can be seen at the point of inflection of the O 2 curves indicating the ignition point that the pure COG ignites somewhat later than the COG/BOF gas mixture (see also Table 7 ).
Practically the ignition propensity under the same conditions is depending on gas composition. For this reason, the different behavior of the three main species (H 2 , CH 4 and CO) is very important. H 2 reacts fast, which can be not only due to the high diffusion coefficients of H 2 itself and other species occurring at the combustion process but also to its chain-branching reaction chemistry. The other two main components CH 4 and CO, considered as pure gases, burn more slowly. The COG/BOF gas mixture ignites somewhat earlier than the pure COG even though it contains a lower mole fraction of H 2 , a higher mole fraction of CO and only a somewhat lower CH 4 mole fraction. This can be due to the availability of oxygen. Decisive is the kinetic of the reactions including oxygen-containing species. Because of the different gas composition, the COG combustion is more oxygen demanding than the COG/BOF combustion. The outcome of this is that less amount of oxygen is available at the same state of burning at the COG combustion, which decelerates the ignition. To confirm this conclusion calculations have been done with different excess air ratios.
In technical processes, the excess air ratio is controlled often by the inflow of gas or the enrichment of oxygen by air. To accomplish that the same amount of oxygen is available for both, the COG and the COG/BOF, the oxygen in the hot blast is substituted partly by nitrogen to decrease the excess air ratio and vice versa. In this way, the effect of a changing oxygen amount and therefore a changing excess air ratio can be observed by keeping all other parameters for both gases constant. For a comparison, the excess air ratio of COG/BOF was lowered from lϭ2.09 to a value of lϭ1.69 analog to those for the COG combustion. A deter- mination of the effect of the available amount of oxygen was done by assuming different excess air ratios for COG. Figure 8 shows the obtained results. It can be seen that with an increasing amount of oxygen the ignition delay time decreases. This is in agreement with other works, [7] [8] [9] [10] which examine promotion and inhibiting effects of ignition. The comparison of both gases at the same excess air ratio (lϭ1.69 in Fig. 8 ) leads to the conclusion that COG ignites somewhat earlier than the COG/BOF, which is due to its different gas composition. The higher mole fraction of H 2 and the smaller one of CO in the COG enable a shorter ignition time delay.
PFR with Finite Mixing and Detailed Chemistry
Incorporating the effect of mixing between hot blast and fuel gas the PFR with finite mixing is used. The displayed curves do not represent a temperature or concentration profile over the length of the PFR. In fact, all resulting values are those, which are predominating at the end of the tuyere after 10 cm (100 %) where the raceway starts. The presented mixing length is in relation to the oxygen amount added in each step to the gas. The longer the mixing length the fewer amount of oxygen is added at each step. Figures 9 and 10 show this influence of different supposed mixing lengths on the temperature and the species concentrations reached at the end of the tuyere.
At a mixing length of 100 %, the oxygen is added for the first 10 cm. This is according to the distance L between the end of the lances where gas and oxygen enriched air get into contact with each other and the end of the tuyere. From the results obtained at the PFR without considering the mixing time (see Chapter 4.2) it can be seen that both fuel gases need a shorter distance than 2.5 cm for ignition to take place after complete mixing of fuel gas and blast. Consequently, below a mixing length of 75 %, both gases the COG and the COG/BOF mixture have enough time to mix completely and to ignite before the end of the tuyere. While the reached temperatures between the cases of a mixing length of 75 % and 100 % differ about 1 000°C at the COG, the difference amounts only about 250°C at the COG/BOF. This indicates that the COG/BOF gas mixture ignites somewhat earlier than the COG gas. Generally, it can be said that with increasing mixing length the temperature curve decreases because the combustion process is not finished at the end of the tuyere. Even when ignition does not occur yet (which can be seen at a mixing length over 100 % for COG and over 200 % for COG/BOF gas), the temperature is not constant due to the amount on hot oxygen enriched air mixed with the gas.
The comparison of these gases shows different results at a supposed mixing length of 100 %. At the pure COG, an ignition just a small distance before the end of the tuyere can be obtained. It is in contrast to the COG/BOF gas combustion where ignition seems to be fully in progress indicated by the calculated temperature as well as the oxygen concentration. Although the same amount on oxygen is added in both cases, the excess of oxygen based on the amount needed by the particular gas is reached faster for the COG/BOF combustion due to the higher excess air ratio. For example assuming a mixing length of 100 %, the amount of oxygen the fuel gas needs to burn completely into products is already available after 5 cm for the combustion of COG/BOF gas. To reach the amount on oxygen needed for the combustion of COG gas the distance of 6 cm is needed.
At a mixing length of 200 %, only half of the amount of oxygen is mixed to the gas at the end of the tuyere. It can be seen that at this mixing length the quantity of air is not high enough for an ignition to proceed neither for the COG nor for the COG/BOF mixture. No thermal strain can be measured at the end of the tuyere in these cases where the © 2005 ISIJ Fig. 8 . Temperature profiles of COG and COG/BOF combustion for different excess air ratios. Fig. 9 . Influence of the mixing length on species concentrations and temperature at the end of the tuyere with COG. Fig. 10 . Influence of the mixing length on species concentrations and temperature at the end of the tuyere with COG/BOF. interval of calculation is chosen large. Because of the gas composition, a shorter mixing length has to be expected for the COG due to the higher mole fraction of H 2 . At the PFR, a mixing length is supposed and only cases with the same length are compared. Under these conditions of assuming equal mixing lengths and because of the predominating excess air ratio, the COG/BOF gas mixture will ignite earlier than the COG.
CFD with Local Thermodynamic Equilibrium
CFD modeling provides a detailed description of temperature and species concentration distribution over the examined geometry. A matter of particular interest is the temperature as the critical factor for thermal strain on the tuyere. In addition, the local species and temperature distribution in the raceway and at the exit of the raceway can only be determined by using CFD. The Figs. 11 to 17 show the distribution of temperature, velocity and concentrations (H 2 and CO) in tuyere and raceway. In each figure it can be seen a slice through the longitudinal axis of the tuyere in the background. In front of the figures, there are a slice through the longitudinal axis of the gas lance and four cross sections through the raceway.
In Figs. 11 and 12 , the temperature distributions of COG and COG/BOF gas are shown. For the COG combustion, the highest temperature is reached at the end wall of the raceway, whereas the COG/BOF combustion results in a temperature maximum in the middle of the raceway so that the gas already cools down when leaving. In Table 8 , the averaged temperatures and gas velocities at the exit of the raceway are listed. These values are calculated over the proportionate value of the existing volume flow flowing through each cell out of the raceway. In the zone of the tuyere and nearby, the temperature at the COG combustion is up to 200°C higher than at the COG/BOF gas combustion.
The higher gas velocity at the COG combustion (as seen in Table 8 ) is resulting from the higher mean temperature. The gas velocities in the tuyere and in the raceway are shown for COG in Fig. 13 . The results for COG/BOF gas are in the same range as for COG.
In Table 8 also the composition of the gases leaving the raceway are shown. At both gases, no hydrocarbon species are leaving the raceway. As species affecting the reduction process of iron ore and blast furnace chemistry, H 2 and CO both are of high importance. On this account, only these two species are shown in the following figures.
In Figs. 14 and 15 , the H 2 species distribution for COG and COG/BOF gas mixture are shown. The amount of available H 2 is low after both combustion processes. For the COG/BOF gas combustion, the H 2 species has nearly fully burned and is leaving the raceway only through the wall at the end of the raceway with a maximum mole fraction of 0.008. The combustion zone of H 2 is long drawn out while for COG combustion it is spreading almost over the whole raceway, because of the higher H 2 amount in the COG. Here the mole fraction at the end of the raceway reaches the value of 0.028.
The distribution of CO for COG and COG/BOF gas mixture are shown in Figs. 16 and 17 . Although there is a higher amount on CO at the COG/BOF gas mixture and inside the combustion flame, which can be seen also in Fig. 17 , after the combustion a greater amount of CO is leaving the raceway for the combustion of COG. This higher amount for COG combustion is due to the reduced availability of O 2 that inhibits the formation of CO 2 and due to the higher temperature. This can also be seen at the amount on CO 2 leaving the raceway (see Table 8 ). The COG/BOF combustion results in a somewhat higher amount on CO 2 leaving the raceway.
Evaluation of the Results
The thermodynamic equilibrium model as most simplified model used gives prediction of temperature and species concentrations, which can be seen in Table 5 , without the knowledge of a reaction mechanism. A comparison to the temperatures reached 10 cm behind the gas injection at the end of the tuyere (Table 7 ) calculated by using the PFR model shows that the temperatures of both models are approximately in the same range. In addition, for the species concentrations of both models no significant differences are obtained, too.
These model approaches assume that the mixing of the flow takes place instantaneously. To consider the mixing of hot blast and gas, the PFR approach with permanent addition of one flow mixing with the other is chosen. Here the temperatures and concentrations at a fixed position are represented depending on the mixing length (see Figs. 9 and 10). The resulting values are similar to those of the PFR model provided that the combustion takes place roughly within 7.5 cm for the COG or within 10 cm for the COG/BOF gas, respectively.
A detailed consideration of the mixing behavior can be obtained by using CFD. While for the previous models the focus is within the tuyere, the CFD approach shows mainly the distribution of temperature, velocity and species concentration at the end of the tuyere and at the raceway (see Figs. 11 to 17) . Nevertheless, the averaged values of the gas after combustion at the porous coke surface of the raceway indicate approximately the same temperatures and concentrations like the PFR model at the end of the tuyere. Only H 2 , CO and H show a significantly higher concentration. This can be due to the incomplete combustion by non-ideal mixing conditions. The comparison of the independently used models shows a good correspondence in temperature and species concentration. This let arrive the conclusion that the resulting values are in accordance with the expected.
Conclusions
The combustion characteristics of COG and COG/BOF gas mixture were determined with several independent modeling approaches.
The COG/BOF gas mixture ignites somewhat earlier than the COG gas, in spite of the lower H 2 and CH 4 concentration at the COG/BOF gas. It can be seen that the ignition delay depends on the excess air ratio. A comparison of COG and COG/BOF gas with the same excess air ratio of lϭ1.69 shows a shorter ignition delay for COG. An increase in the excess air ratio leads to a decrease in ignition delay. So the higher excess air ratio of the COG/BOF gas (lϭ2.09), in relation to lϭ1.69 of the COG, is overcompensating the higher ignition propensity of COG. The combustion process, partly taking place in the tuyere, causes high thermal strain on the tuyere. Although the COG/BOF gas ignites somewhat earlier than the COG, it burns with maximum and mean temperatures of about 160 to 200°C below those of the COG. This is due to the lower net calorific value of the COG/BOF gas, resulting from the lower CH 4 and H 2 concentrations. Therefore, the combustion of the COG/BOF gas leads to lower thermal strains on the tuyere.
The purpose of the combustion in the tuyere and raceway, respectively, is not only the increase of energy or temperature, but also the production of gas for iron ore reduction. For this, the composition of the reducing gas, which leaves the raceway, is of importance. The combustion of both gases, COG and COG/BOF gas, results in gases, which are similar in composition, but these, resulting from the COG, show higher H 2 O, H 2 and CO and lower O 2 and CO 2 concentrations. A different effect on blast furnace chemistry is expected.
